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Abstract 

We  reported  on  the  synthesis,  characterization,  and  photovoltaic/electrochemical  properties  of  Pt/acetylene-black  (AB)  cathode  as  well  as  their 
application  in  dye- sensitized  solar  cells  (DSCs).  The  Pt/AB  electrode  was  prepared  through  a  thermal  decomposition  of  H2PtCl6  on  the  AB  substrate. 
SEM  and  TEM  observations  showed  that  the  Pt  nanoparticles  were  homogeneously  dispersed  on  the  AB  surface.  The  Pt-loading  content  in  the  Pt/AB 
electrode  was  only  about  2.0  pig  cm-2,  which  was  much  lower  than  5-10  pig  cm-2  generally  used  for  the  Pt  electrode  in  DSCs.  Electrochemical 
measurements  displayed  a  low  charge-transfer  resistance  of  1.48  £2  cm2  for  the  Pt/AB  electrode.  Furthermore,  when  this  low-Pt-loading  electrode 
was  used  as  the  cathode  of  DSCs,  an  overall  light-to-electricity  energy  conversion  efficiency  of  8.6%  was  achieved,  showing  commercially  realistic 
energy  conversion  efficiency  in  the  application  of  DSCs. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  dye- sensitized  solar  cells  (DSCs)  have  attracted  much 
attention  in  transferring  clean  solar  energy  to  electricity  because 
of  their  low  cost,  easy  production  and  relatively  high  efficiency 
(8-11%)  [1].  In  general,  DSCs  are  composed  of  a  dye-sensitized 
TiC>2  photoanode,  a  Pt  cathode  (counter  electrode,  CE),  and  an 
electrolyte  containing  a  redox  couple  (E/I3-).  One  of  the  criti¬ 
cal  components  of  DSCs  is  the  cathode  that  plays  an  important 
role  for  the  catalytic  I3-  reduction  and  electron  transfer  [2]. 
To  obtain  the  desired  catalytic  effect,  noble-metal  Pt  is  usually 
employed  as  the  CE  of  DSCs,  in  which  the  amount  of  Pt  is  about 
5-10  (jugcm-2  [3], 

As  an  alternative  to  the  Pt  in  DSCs,  carbon-based  materials 
including  carbon  film  [4],  carbon  nanotubes  [5],  carbon  black 
[6],  activated  carbon  [7]  and  C60  thin  films  [8]  were  used  as 
the  CE  of  DSCs.  However,  these  Pt-free  CEs  usually  require  a 
thick  porous  film  to  obtain  an  acceptable  catalytic  effect,  and  the 
conversion  efficiency  is  relatively  low  compared  to  that  of  Pt. 
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Recently,  new  CEs  such  as  Pt-NiO,  Pt-Sn02-Sb  were  reported, 
which  can  increase  the  active  surface  area  of  Pt  and  also  reduce 
the  manufacturing  cost  [9,10],  revealing  that  highly  distributed 
Pt  nanoparticles  with  small  size  on  the  substrate  are  ideal  for 
high  electrocatalytic  activity. 

Acetylene-black  (AB),  which  has  been  intensively  studied  in 
battery  systems  [11,12],  has  excellent  electric  conductivity,  large 
specific  surface  area  and  strong  adsorptive  ability.  In  our  previ¬ 
ous  study,  it  was  found  that  pure  AB  was  suitable  as  the  CE  of 
DSCs  [13].  Here,  we  report  on  the  preparation  of  Pt/AB  with  low 
Pt  loading  of  2.0  pug  cm-2  and  their  high  electrocatalytic  activ¬ 
ity  in  DSCs.  In  particular,  an  overall  light-to-electricity  energy 
conversion  efficiency  of  8.6%  was  obtained  for  the  DSCs  with 
Pt/AB,  indicating  the  potential  application  in  DSCs. 

2.  Experimental 

2.7.  Preparation  ofTiC>2  photoanode 

Nanocrystalline  EO2  film  was  prepared  according  to  the 
reported  method  [14].  The  fluorine-doped  SnC>2  conducting 
glass  (FTO)  (10  £2  D-1,  Nippon  Sheet  Glass)  was  first  treated 
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with  50  mM  TiCU  aqueous  solution  at  70  °C  for  30  min.  The 
paste  consisting  of  16.2%  TiC>2  (P25  Degussa)  and  4.5%  ethyl 
cellulose  in  terpineol  was  deposited  onto  the  TiCU -pretreated 
conducting  glass  using  a  screen  printing  technique.  The  resulting 
layer  was  sintered  in  the  air  at  450  °C  for  30  min  before  cooling 
to  room  temperature.  The  heated  electrodes  were  impregnated 
with  50  mM  TiCU  aqueous  solution  in  a  water- saturated  desic¬ 
cator  at  70  °C  for  30  min  and  then  washed  with  distilled  water 
for  several  times.  Immediately,  before  being  dipped  into  the 
dye  solution,  it  was  fired  again  at  450  °C  for  30  min  in  the 
air  and  then  cooled  to  80  °C.  Finally,  the  TiC>2  electrode  was 
immersed  into  3  x  10-4  M  ruthenium  polypyridyl  complex  N3 
dye  ethanol  solution  at  room  temperature  for  overnight  to  afford 
sensitization.  The  resulting  film  thickness  was  about  12  p>m. 

2.2.  Preparation  ofAB,  Pt,  Pt/AB,  Pt/TiC>2  counter 
electrode 

The  AB,  Pt/AB  or  Pt/TiC>2  counter  electrode  was  prepared 
by  a  doctor  blade  technique.  The  preparation  of  AB  powder 
was  described  in  Ref.  [13].  The  conductivity  of  the  acetylene 
film  is  0.6  S  cm-1 .  To  obtain  the  AB  paste,  130  mg  of  AB  pow¬ 
der  was  mixed  with  4.5%  ethyl  cellulose  in  2.5  mL  terpineol. 
Then  the  paste  was  coated  on  FTO-glass  by  doctor-blading.  The 
Pt  nanoparticles  were  produced  by  thermal  decomposition  of 
H2PtCl6  (2mM  in  water)  on  AB  or  TiC>2  film  at  385  °C  for 
30  min.  The  thickness  of  the  films  was  controlled  by  the  height 
of  two  adhesive  tape  strips,  which  were  attached  on  two  parallel 
ends  of  the  FTO  surface.  After  dried  in  the  air,  the  films  were 
calcined  in  the  air  at  450  °C  for  30  min  to  remove  the  organic 
content  and  form  a  three-dimensional  network.  The  thickness 
of  the  as-prepared  films  was  about  5  pan.  As  a  comparison,  the 
Pt/FTO  electrode  was  prepared  by  thermal  decomposition  of 
H2PtCl6  (30  mM  in  isopropanol)  on  FTO-glass  at  385  °C  for 
30  min.  The  amount  of  Pt  with  2.0  pg  cm-2  in  Pt/AB  electrode 
gives  2.0  pg  Pt  for  5  pm  (thickness)  x  1  cm2  volume  in  the  AB 
layer.  The  as-synthesized  thickness  of  this  film  was  about  5  pm 
with  an  electrode  area  of  0.25  cm2. 

2.3.  Assembly  of  the  DSC 

DSCs  were  fabricated  by  using  the  dye- sensitized 
nanoporous  Ti02  photoanode  and  the  AB,  Pt,  Pt/AB  or 
Pt/Ti02  counter  electrode,  as  shown  in  Fig.  1.  The  liquid 
electrolyte,  which  is  a  solution  of  0.6 M  of  l,2-dimethyl-3- 
propylimidazolium  iodide  (DMPIml),  0.1  M  of  Lil,  0.05  M  of 
I2  and  0.5  M  of  f-butylpyridine  (tBP)  in  a  mixture  of  ace- 
tonitrile/methoxypropionitrile  (volume  ratio  =1:1),  was  firstly 
dropped  on  the  dye- sensitized  nanoporous  TiC>2  films  and  then 
the  photoanode  was  clipped  firmly  with  counter  electrode.  The 
area  of  the  TiC>2  photoelectrode  was  0.16  cm2. 

2.4.  Characterization  and  measurements 

The  Pt  loading  in  the  as-prepared  specimens  was  determined 
by  an  inductively  coupled  plasma  (ICP)  atomic  emission  spec¬ 
troscopy  (model  P-5200  from  Hitachi).  For  the  ICP  analysis, 
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Fig.  1 .  Scheme  of  the  cross-sectional  view  for  the  dye- sensitized  solar  cells  with 
the  TiC>2  photoanode  and  the  Pt/AB  counter  electrode. 

the  as-prepared  Pt  loading  electrode  was  placed  in  aqua  regia 
with  vigorous  agitation  for  48  h  to  completely  dissolve  the  Pt. 
The  morphologies  and  microstructures  of  the  Pt/AB  films  were 
characterized  by  scanning  electron  microscope  (SEM,  Philips 
XL-30),  transmission  electron  microscope  (TEM),  and  high- 
resolution  TEM  (HRTEM)  (Philips  Tecnai  20,  200  kV).  The 
specific  surface  areas  of  the  AB -based  films  were  measured 
by  nitrogen  gas  adsorption/desorption  methods  with  Shimadzu- 
Micromeritics  ASAP  2010  Instrument. 

Photoelectrochemical  data  were  carried  out  using  a  500-W 
xenon  light  source  that  was  focused  to  give  100  mW  cm-2  the 
equivalent  of  one  sun  at  AM  1.5.  The  spectral  output  of  the  lamp 
was  matched  in  the  region  of  400-800  nm  with  the  aid  of  a  sun¬ 
light  filter.  The  applied  potential  and  cell  currents  were  measured 
using  a  Keithley  model  2400  digital  source  meter  (Keithley, 
USA)  at  room  temperature.  The  conversion  efficiency  (rf)  of 
the  DSCs  is  calculated  from  the  short  current  density  (Js c),  the 
open  voltage  ( Voc),  the  fill  factor  of  the  cell  (ff),  and  the  intensity 
of  the  incident  light  (7S)  by  Ref.  [15]: 

AcVocff 

v  = — - —  (1) 

A 

The  electrochemical  impedance  was  investigated  by  means  of  a 
PARSTAT  2273  instrument  at  25  °C  in  the  frequency  range  of 
10-2  to  105  Hz.  The  electrical  impedance  spectra  were  charac¬ 
terized  by  using  Zsimpwin  software  in  terms  of  the  proposed 
equivalent  circuit.  The  distance  between  the  two  electrodes  was 
about  45  pm. 

3.  Results  and  discussion 

Fig.  2a  shows  the  typical  SEM  image  of  the  as-prepared 
Pt/AB,  displaying  a  porous -structure  character  with  the  AB 
diameter  of  approximately  50-100  nm.  The  detailed  morphol- 
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Fig.  2.  (a)  SEM,  (b)  TEM,  and  (c)  HRTEM  images  of  the  as-synthesized  Pt/AB. 


ogy  and  microstructure  of  the  Pt-deposited  AB  is  further 
characterized  by  TEM  (b)  and  HRTEM  (c).  It  is  observed  that 
the  Pt  nanoparticles  with  the  diameter  of  2-4  nm  were  dis¬ 
tributed  over  the  AB  substrate.  The  specific  surface  areas  of 
the  porous  AB  and  Pt/AB  were  280  and  316  m2  g-1,  respec¬ 
tively.  The  Pt/AB  composite  structure  is  considered  to  be  more 
efficient  for  Pt  usage  than  that  of  the  pure  Pt  electrode  due  to 
the  depression  of  the  particle  aggregations  and  the  formation  of 
more  Pt/AB  /electrolyte  surface/interface  boundaries  [16]. 

In  order  to  examine  the  catalytic  activity  of  the  Pt/AB 
electrode,  electrochemical  impedance  spectroscopy  (EIS)  was 
investigated.  The  total  reaction  at  the  Pt/AB/electrolyte  inter¬ 
face  is:  I3-  +  2e“  =  31“ .  The  charge-transfer  resistance  (Rct)  of 
the  Pt/AB  is  a  value  of  its  catalytic  activity  for  reducing  the  tri¬ 
iodide  ion.  In  this  case,  the  reaction  species,  13“  ions,  must  enter 
into  pores  of  the  AB  films,  and  further  have  to  be  reduced  to  the 
I-  in  the  pores  by  capturing  the  electrons  that  migrate  from  the 
external  circuit.  The  I-  regenerated  in  the  cathode  must  diffuse 
through  the  liquid  contained  in  the  pores  of  the  porous  layers  to 
the  photoelectrode  [17]. 

Fig.  3  shows  the  impedance  spectra  of  the  sandwich  type 
cells  with  a  Pt/AB  and  Pt/FTO-glass  electrodes.  Three  semicir¬ 
cles  were  observed  in  the  measured  frequency  range  of  0.01 
to  105  Hz  (Fig.  3a).  The  first  high  frequency  semicircle  (in 
the  region  of  103  to  105  Hz)  and  the  second  semicircle  (in 
the  frequency  region  of  10  to  103  Hz)  can  be  interpreted  as 
the  charge-transfer  process  at  the  Pt  electrode/electrolyte  inter¬ 
face  and  the  Pt/AB  electrode/electrolyte  interface,  respectively. 
While  the  third  semicircle  around  1  Hz  represents  the  Warburg 
impedance  for  triiodide  diffusion  in  the  electrolyte.  Fig.  3c 


shows  the  Nyquist  plot  of  Pt/FTO  electrodes  with  various  Pt 
loading.  From  Fig.  3c,  Rct  of  0.92,  1.03,  1.37and  1.75  £2  cm2 
can  be  deduced  for  a  Pt  content  of  6.5,  5.0,  3.7  and  2.2  p ,g  cm-2, 
respectively,  being  an  index  of  the  catalytic  performance  of  the 
Pt  electrode.  This  result  reveals  that  porous  Pt/AB  films  provide 
more  interface  between  the  Pt/AB  and  the  electrolyte. 

Fig.  4  shows  the  variation  of  electrocatalytic  activity  with  Pt 
loading  for  Pt/AB  electrode.  It  can  be  seen  that  the  Rct  decreases 
with  the  increase  of  Pt  loading.  However,  the  charge-transfer 
resistance  keeps  nearly  constant  when  the  Pt  loading  exceeds 
2.0  jxgcm-2.  The  SEM  investigation  shows  that  Pt  nanoparti¬ 
cles  in  the  AB  film  are  located  compactly  to  each  other  and 
tend  to  form  bigger  particles  with  the  increase  of  Pt  loading 
(higher  than  2.0  jxg  cm-2).  Taking  into  account  the  high  elec¬ 
trocatalytic  activity  and  the  low  cost  of  the  counter  electrode  for 
DSCs  applications,  Pt  loading  of  2.0  p,g  cm-2  was  adopted  in 
the  preparation  of  the  Pt/AB  electrode. 

Fig.  5  shows  the  I-V  curves  of  the  DSCs  based  on  various 
counter  electrodes  of  Pt/TiC>2,  AB,  Pt/AB  and  Pt.  Table  1  sum¬ 
marizes  the  properties  (/sc,  Voc ,  ff,  0)  of  the  DSCs.  It  can  be 
seen  that  the  DSCs  with  Pt/AB  (with  2.0  and  3.8  p,gcm-2  Pt, 
respectively)  and  Pt  electrodes  exhibit  a  relatively  higher  con¬ 
version  efficiency  of  8.6%,  9.0%  and  8.3%,  respectively.  On  the 
other  hand,  the  DSCs  based  on  AB  and  Pt/Ti02  electrodes  show 
the  conversion  efficiency  of  4.3%  and  1.3%,  respectively.  This 
result  indicates  that  Pt/AB  is  feasible  in  DSCs  with  high  con¬ 
version  efficiency.  Compared  to  the  properties  of  the  DSCs  with 
Pt/Ti02,  the  most  pronounced  change  for  the  use  of  Pt/AB  is 
the  short  circuit  current  densities  (/sc)  and  fill  factor  (ff).  The  Jsc 
increases  from  11.8  to  20.7  mAcm-2  and  the  ff  enhances  from 
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Fig.  3.  (a)  Nyquist  plots  for  the  electrochemical  cells  consisting  of  a  Pt/AB 
electrode  with  different  Pt  loading,  (b)  Equivalent  circuit  for  the  impedance 
spectrum.  Rct  (Pt)  or  Rct  (AB):  charge-transfer  resistance;  Rs :  serial  resistance; 
CPE(Pt)  or  CPE(AB):  constant  phase  element;  Zw:  Warburg  impedance  (diffu¬ 
sion  impedance),  (c)  Nyquist  plot  of  Pt/FTO  electrodes  with  various  Pt  loading. 
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Fig.  5.  Photocurrent  (7)-voltage  (V)  curves  of  DSCs  with  Pt/Ti02,  AB,  Pt/AB 
and  Pt  electrodes  under  AM  1. 5-100  mW  cm-2  light  irradiation. 
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Table  1 

Photoelectric  performances  of  the  cells  in  Fig.  5 


Counter 

electrodes 

Pt-loading 
(ixg  cm-2) 

Jsc  (mAcm  2) 

Voc  (mV) 

ff  (%) 

ri(%) 

Pt/Ti02 

1.85a 

11.8 

729 

15.6 

1.3 

AB 

0 

15.7 

728 

37.5 

4.3 

Pt/AB 

1.4a 

16.9 

721 

45.8 

5.5 

Pt/AB 

2.16a 

19.8 

723 

60.1 

8.6 

Pt/AB 

3.8a 

20.7 

721 

60.4 

9.0 

Pt 

5.02 

18.5 

742 

60.5 

8.3 

Value  calculated  based  on  film  thickness  of  5  [xm. 


15.6%  to  60.4%,  which  can  be  attributed  to  an  addition  of  AB  in 
the  electrode,  owing  to  a  decrease  of  the  internal  resistance  (in 
Table  2)  and  an  increase  of  the  active  surface  area  by  deposit¬ 
ing  Pt  nanoparticles  in  the  AB  support.  For  the  Pt/AB  electrode, 
it  was  observed  that  the  short  circuit  current  (7SC),  fill  factor 
(ff)  and  conversion  efficiency  (77)  increases  with  an  increase  of 
Pt  loading.  However,  the  cell  performance  keeps  nearly  con¬ 
stant  when  the  Pt  loading  exceeds  2.0  pug  cm-2.  This  fact  agrees 
with  our  previous  discussion  that  the  Pt  loading  affects  the  Rct 
greatly.  Moreover,  the  amount  of  Pt  with  2.0  pug  cm-2  in  Pt/AB 
electrode  is  considerably  lower  than  that  of  5-10  pug  cm-2  com¬ 
monly  used  for  DSCs.  Obviously,  the  highly  dispersed  Pt/AB 
with  a  low  Pt  loading  provides  the  possibility  of  cost  reduction 
in  DSCs  manufacturing  process. 

Fig.  6  shows  the  Nyquist  plots  for  the  electrochemical  cells 
fitted  to  the  simulated  equivalent  circuit  shown  in  Fig.  3b.  For 
the  Pt/Ti02  and  AB  counter  electrodes,  a  large  arch  is  visible 
in  the  low  frequency  region  of  the  Nyquist  diagram  (Figs.  6a 
and  b),  which  is  due  to  the  impaired  electron  transfer  at  the 
counter  electrode.  While  the  arch  for  the  electrolyte  diffusion 
is  hidden  by  the  large  charge-transfer  resistance  on  the  Pt/TiC>2 
and  AB.  However,  the  charge-transfer  resistance  for  the  Pt/AB 
(with  2.0  pug  cm-2  Pt)  becomes  so  small  that  a  third  semicir¬ 
cle  representing  the  Warburg  impedance  for  triiodide  diffusion 
emerges  (Fig.  6c).  The  fitting  results  are  summarized  in  Table  2. 
The  Pt/TiC>2  electrode  shows  an  extremely  high  Rct  of  above 
1000  Q  cm2,  while  the  electrode  of  AB  shows  a  Rct  of  75  Q  cm2. 
This  leads  to  the  lower  ff  and  reduces  the  cell  efficiency  due  to  the 
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Table  2 


Impedance  parameters  of  the  various  counter  electrodes  estimated  from  the  impedance  spectra  in  Fig.  6  and  equivalent  circuit  in  Fig.  3b 


CE  type 

Pt-loading  (|xg  cm  2) 

Rct  (£2  cm2) 

CPE(CE):B(S  s13) 

CPE(CE):(3 

Rs  (£2  cm2) 

Pt 

5.02 

1.03 

4.34  x  lO"6 

0.93 

2.57 

Pt/AB 

2.16 

1.48 

2.15  x  10“4 

0.85 

3.27 

AB 

0 

75 

2.99  x  lO"4 

0.92 

3.55 

Pt/Ti02 

1.85 

1150 

9.12  x  10“4 

0.93 

3.98 
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Fig.  6.  (a)  Nyquist  plots  of  the  electrochemical  cells  consisting  of  a  Pt/FTO- 
glass  and  various  catalytic  layer-coated  FTO-glasses  as  working  electrodes;  (b) 
and  (c)  are  the  expanded  ranges  of  0-200  Q  cm2  and  2-7  Q  cm2,  respectively. 


high  Rct.  For  the  CE  of  AB,  the  conversion  efficiency  of  the  cells 
is  still  insufficient  (4.3%)  and  should  be  increased  to  more  than 
8%  for  practical  usage  [6].  Thus,  small  amount  Pt  nanoparticles 
are  deposited  on  AB  in  order  to  improve  its  catalytic  ability.  The 
results  show  that  the  Rct  of  the  AB  electrode  with  the  loading  of 
Pt  nanoparticles  decreases  sharply  from  75  to  1.48  £2  cm2  and 
approaches  the  Rct  value  of  1.03  Q  cm2,  which  is  promising  for 
application. 

In  the  Nyquist  plots,  the  impedance  spectrum  of  Pt  appears 
generally  in  the  region  of  1-100  kHz,  while  the  use  of  porous 
Pt/AB -based  film  lowers  the  frequency  range  of  the  response 
to  0.01-1  kHz.  The  depression  of  the  semicircle  to  an  ellipse  is 
caused  owing  to  the  porous  structure  of  the  electrodes.  This 
effect  can  be  described  by  a  constant  phase  element  (CPE) 
[6,17].  The  impedance  Zqpe  of  a  CPE  is 

ZC pe  =  B(jaWP  (0  <  P  <  1)  (2) 

where  co  is  the  angular  frequency,  B  is  the  CPE  parameter  and 
p  is  the  CPE  exponent.  B  indicates  the  capacitance  of  CPE  and 
the  deviation  from  the  semicircle  probably  due  to  the  porosity  of 
electrode  surface,  respectively.  In  the  case  of  ft  =  1  in  Eq.  (2),  the 
CPE  shows  a  perfect  capacitor,  exhibiting  an  exact  semicircle  in 
the  Nyquist  plots.  While  the  semicircle  is  depressed  in  the  case  of 
P  <  1  due  to  the  porosity  of  electrode  surface.  Compared  with  that 
of  Pt,  the  CPE  exponent  (/3)  of  the  Pt/AB  is  smaller.  Therefore, 
the  Pt/AB  electrodes  with  2.0  jxg  cm-2  Pt-loading  appears  the 
same  low  charge-transfer  resistance  as  that  of  Pt  electrode  with 
5.02  p,g  cm-2  Pt-loading.  Meanwhile,  the  high  active  surface  in 
the  Pt/AB  decreases  the  Rct  of  the  CE  and  improves  the  cell 
performance. 

4.  Conclusions 

The  Pt/AB  electrode  with  low  Pt  loading  of  2.0|mgcm-2 
can  reach  the  promising  photovoltaic  performances,  which 
were  almost  comparable  to  that  of  pure  Pt/FTO  glass  with  Pt 
loading  of  5.02  p,gcm-2.  A  light-to-electricity  energy  conver¬ 
sion  efficiency  of  8.6%  was  achieved  for  the  DSCs  with  the 
Pt/AB  electrode.  Electrochemical  measurements  showed  that 
the  Pt/AB  composite  had  lower  charge-transfer  resistance  and 
higher  catalytic  activity  than  that  of  pure  Pt.  This  work  should 
be  useful  for  reducing  the  manufacturing  costs  of  DSCs. 
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